Abstract Polypropene (PP) plastics can be effectively degraded by natural volatile constituents from Ledum palustre catalyzed by atmospheric air dielectric barrier (DBD) plasma. The electron spin resonance (ESR) result indicates that the volatile constituents produce radicals in aerobic condition energized by power sources such as light, UV, plasma and so on. The degradation is a novel chemically oxidative way and it is initiated by a series of radical reactions. Lots of active and oxidative species, radicals, products and high energy electromagnetic field in plasma aggravate the degradation process. The results about PP maximum tensile strength (σ bmax ) confirm this conclusion. PP plastic heavily loses its extensibility, mechanical integrity and strength in a short time after suffering a synergetic treatment of the herb extract and air DBD plasma with no toxic residues left. The components of herb extract keep almost unchanged and may be reused. This study offers a new approach to manage and recycle typical plastics.
Introduction
Polypropylene (PP) plastic becomes an essential ingredient in human daily life due to its good mechanical, thermal proprieties, versatility and so on. It is widely used in packages, biomedical products, electronic components, construction materials etc [1∼6] . For example, PP weaving bags have already been used to package and transport foods, chemicals and fertilizers. Under certain dangerous situation, they are typical materials filled with earth to protect rivers and lakes from floodwater [7] . However plastic accumulation in the environment after enormous use is a grave matter of ecological and economic concern. Its recycling, disposal and waste management in particular is closely examined in academia, commercial organizations and governmental institutions [8, 9] . Many researchers and technologists are motivated to develop various degradation methods, such as photo-oxidative degradation, thermal degradation, ozone-induced degradation, mechanochemical degradation, catalytic degradation and biodegradation etc [10, 11] . The chemical, physical or biological reactions may change the plastic properties and cause bond scissions and subsequent chemical transformations. Typical plastics are very stable and exist in nature so long that no substantial change occurs in 100∼200 years [7] . Researchers have paid more attention on adding natural or artificial reagents into typical plastic to produce biodegradation, photo-degradation, or photo biodegradation [12∼14] .
Ledum palustre is collected from Daxing'an Mountain in the Northeast of China. Natural volatile constituents extracted from it are used to degrade PP plastic. This volatile constituents is mostly composed of unsaturated alkenes, for instance, α-, β-pinene, α-, β-phellandrene, γ-terpinene, terpinolene, camphene, uinene, myrcene, limonene, sabinene, myrtenal and so on [7, 15, 16] . Due to their activation and oxidation, these substances may initiate PP fibers degradation. It is different from the photo-oxidative degradation and biodegradation, but is a chemo-oxidative degradation [7] . Plasma is an electrically neutral, highly ionized gas composed of ions, electrons, and neutral particles. It is a phase of matter distinct from solids, liquids, and normal gases. Possessing highly energetic electromagnetic field and active species, plasma is widely used to modify polymer properties whereas long-interacting will lead to polymer degradation [17∼24] . In the present study, previous work is extended to apply nonthermal plasma, i.e. air dielectric barrier discharge (DBD) plasma, to treat the PP plastic combined with the treatment of natural volatile constituents from Ledum palustre. As a result, PP plastic degradation is accelerated and enhanced. This discovery provides a new route to understand the degradation mechanism of PP plastic induced by natural constituents. It could be used to guide the environment-friendly process for typical plastic bags and secure package for volatile Chinese medicines. [25] . 100 g of Ledum palustre sample and 500 mL of water are orderly added into a round flask. The volatile constituents are collected during boiling for 5 h [7] . Fragments with 100 mm length and 2 mm width cut from a new PP waving bag are applied in this test. Those suffering no treatment are used as the controls.
b. Air exposure treatment PP plastic fragments together with the herb extract are placed into clear glass bottles. These bottles are divided into four groups and put separately under the condition of plugged, unplugged, plugged and covered with dark paper, unplugged and covered with dark paper. The fragments are kept in different conditions for 30 d, 100 d, 180 d, respectively. A degradation reaction may be initiated by O 2 in the air or light or both of them. The treatment on PP samples by the Ledum palustre herb also follows the process described above.
c. UV irradiation treatment PP plastic samples are soaked in the herb extract for 100 d. Afterwards they are taken out and divided into two groups, one group with the extract on and the other without. Then all the fragments are exposed to UV irradiation for variable time to observe their mechanical property.
d. Plasma treatment Atmospheric air DBD plasma is generated between two parallel planar electrodes covered by dielectric barrier materials. The diameter of the upper and lower electrodes is 45 mm and 62 mm, respectively. A gap of about 2 mm exists between the upper electrode and the surface of the PP plastic sample placed on the lower electrode. While the upper electrode is energized by high frequency (HF) power and the lower one is grounded, plasma can be obtained in the gap. Fig. 1 shows the schematic of DBD plasma setup. The HF power supply consists of a power amplifier that works in a frequency range of 0∼20 kHz and a power transformer that provides an output of peak-peak voltage amplitude from 0 kV to 40 kV. The operation conditions for the plasma generation in this experiment are 10 kV and 7 kHz. Each side of PP samples is treated for 5 min. 
Measurement and analysis
a. Determination of tensile strength The mechanical characteristic of PP plastic samples is determined at a tension rate of 100 mm/min by a multifunctional electronic machine (AG-2000A, Japanese Shimadzu Corporation). While the sample is broken off, the tensile strength is recorded as its maximal tensile strength (σ bmax ). 6 samples are tested and the average is taken as the final σ bmax .
b. Detection of free radical signal The PP plastic fragments are put in the volatile constituents for 100 d and then taken out for the free radical detection by JES FEIXG ESR spectrometer (JEOL LTD, Japan Electronics). The fragments untreated by the extract are taken as the control. This test is carried out with an X-band ultraviolet irradiation from a 500 W UV-05H lamp at ambient. Mn 2+ in the MgO powder is used as standard.
3 Results and discussion 3.1 Effect of O 2 and light on the tensile strength of PP plastic Fig. 2 shows σ bmax of PP samples after the treatment of the herb itself and its extract, respectively. For these two cases, σ bmax decreased with the extension of treatment time. ∆σ bmax in Table 1 suggests that the degradation effect of the herb extract on PP plastic is Note: A means light and ventilated, B means ventilated but dark, C means light but unventilated, D means dark and unventilated, M means Ledum palustre treatment, N means the herb extract treatment.
Fig.2 Effect of O2 on the PP plastic treated by
Ledum palustre herb and its extract more remarkable than that of itself. It could be concluded that the components inducing PP plastic degradation are mostly in the extract. When the bottles are unplugged, it is exposed to light and is ventilated. O 2 and light may initiate photo-oxidative degradation, which is considered as one of the primary source of damage exerted upon those PP fragments. They cause changes of PP plastic's mechanical and optical characteristics, for example performances in crack, brittle, erosion and so on. Fig. 2 indicates that O 2 in the ambient is more effective than light when the fragments are being treated either by the herb or its extract. The corresponding data in column B and C of Table 1 show that ∆σ bmax values under the aerobic condition are almost twice more than those under the irradiation. So conclusion can be drawn that O 2 is more effective than light. While the bottles are plugged and covered by dark paper, it is unventilated and dark. It means almost no contribution of O 2 and light to PP degradation. Changes of σ bmax , shown in column D, could be understood as the impact only from the herb itself or its extract. It can be seen that this effect is very slight according to the data listed in column A. Fig. 2 shows 80 MPa-reduction in σ bmax after 100-day-permeation in the extract. Fig. 3 shows the σ bmax decreasing trend versus UV light irradiation time. σ bmax is reduced by about another 28 MPa when PP fragments with the extract are exposed to UV irradiation only for 3 days. But for those without the extract, there is only about 8 MPa-reduction, which is less than a third of the above one. Even they have also suffered from the same dose UV irradiation. So UV could be used as an assistant to accelerate the degradation initiated by the volatile constituents in Ledum palustre. Fig. 2 shows that σ bmax decreases with increasing soaking time in the herb extract. After 30-d-soaking, σ bmax is reduced by 38 MPa. However, 10-min-plasma exposure causes 77.3-MPa-reduction, more than double of the herb extract's effect on PP. DBD plasma includes energetic electrons, ions, excited atoms and molecule, radicals, UV photons and so on. These species synergetic with the electromagnetic field make the plasma damage PP molecule structure and integrity and lead to bond scissions and subsequent chemical transformation, such as discoloring, crazing, cracking and so on. Meanwhile some oxidative species, UV photons, and radials might excite the herb extract and react with PP to result in fracture and then carbonization or degradation. Suffering from the herb extract drowning and DBD plasma irradiation, PP fragments seriously lose their extensibility, mechanical strength and integrity. 
Effect of UV on plastic degradation

Detection of radical signal
While the PP fragments are being irradiated by the UV source with the herb extract on, signals from some radical are detected, as shown in Fig. 5(b) . Labeled point is the radical signal produced by herb extract and the g-factor of this radical is 2.0024. The weaker signals are produced by Mn 2+ in the plastic sample. Since there is no hyperfine structure (hfs), the type of radicals could not be identified. No radical signals can be seen in Fig. 5(a) , which indicate that UV is one factor to trigger the herb extract to produce radicals. The mechanism comprising various steps is shown as follows:
Note: X · stands for the unknown radicals, RH stands for PP. 
PP degradation mechanism
Air is used as working gas to generate atmospheric DBD plasma. While the electrodes are energized, air is broken down and a large number of micro-discharge current pulses appear. Many bright filament discharges with 100 µm in diameter move randomly in the discharge area. Temperature of high energy electron in these filaments is up to 10 5 K (about 10 eV). Typically, the average electron energy in DBD plasma is 1∼10 eV [26] . As we know, C-C bond energy is 4.2 eV, C-H is 4.3 eV. That is, bond energy of PP is no more than 5 eV. High-energy electrons inelastically collide with PP molecules, and the energy is converted into internal energy of molecule. Then excitation, dissociation and ionization and a series of processes take place. PP molecular chains of PP sheet surface are disconnected to produce unsaturated bonds. Irradiation of ozone, UV, rays and so on accompanying with plasma play a strong oxidation degradation effect as well. The most important is lots of active species in plasma, including
, free radicals and so on, which can react with those unsaturated bonds after electron bombardment [27, 28] . The plasma not only etches PP surface and makes it rougher, but also causes some bonds to dissociate. Consequently, the reaction surfaces of PP sheet with respect to plasma and natural volatile constituents from Ledum palustre increase. Meanwhile plasma excites natural volatile constituents to produce more radicals. As the reaction area is enlarged, these radicals have more chances to act on PP molecular bonds. Plasma degradation of PP is a very complex process, involving many physical and chemical reactions. Plasma essentially enhances and improves the free electron energy and speed, resulting in electron bombardment on molecular PP. Radicals in plasma leading to chemical degradation is one important factor. Ozone oxidation degradation and photocatalytic degradation of UV light etc. can not be neglected too. Plasma is also used as a power source to stimulate natural volatile constituents from Ledum palustre to generate radicals to enhance PP degradation. And thus PP degradation is promoted by the combined effect of volatile constituents and plasma.
Conclusion
Terpene vingl is the major component in herb extract. It is very active and oxidative. σ bmax results show that the herb volatile constituents react with PP plastic to trigger a degradation process. At ambient temperature, light and O 2 can cause PP plastic to decompose. UV light has sufficient energy to excite radical formation, chemical bond breaking, chain cleaving, etc. O 2 , light, UV, and plasma could accelerate this degradation induced by the herb extract. And the effect of plasma is especially dramatic in a short treat-ment time. ESR results indicate that the herb volatile constituents are able to produce radicals while they are exposed to UV radiation. The radicals are perhaps the key factor in initiating degradation reaction. A similar character among light, UV and plasma is that they are all energy sources. They could initiate a chemical reaction in the herb extract and excite active compounds to generate initial radicals. A mechanism of PP degradation is postulated to be a series of radical reactions. A large number of active and oxidative species and radicals in plasma play along with the radicals produced by the herb extract to speed up PP degradation. In addition, the high energetic electromagnetic field of plasma could also promote the degradation process. Therefore the action of air DBD plasma and the herb extract on PP plastic is an integrated effect, including O 2 , light, UV, radicals and other oxidative products from plasma. As a result, the PP plastic loses quickly its mechanical strength in a short period. During the degradation, the components of the herb extract keep almost unchanged and could be reused to reduce cost. It is a novel way for typical plastic management and recycling. 
